Low temperature resistivity measurements on dense polycrystalline quaternary chalcogenides Ag 2þx Zn 1-x SnSe 4 , with x ¼ 0, 0.1, and 0.3, indicate polaronic type transport which we analyze employing a two-component Holstein model based on itinerant and localized polaron contributions. Electronic structure property calculations via density functional theory simulations on Ag 2 ZnSnSe 4 for both energetically similar kesterite and stannite structure types were also performed in order to compare our results to those of the compositionally similar but well known Cu 2 ZnSnSe 4 . This theoretical comparison is crucial in understanding the bonding that results in polaronic type transport for Ag 2 ZnSnSe 4 , as well as the structural and electronic properties of both crystal structure types. In addition to possessing this unique electronic transport, the thermal conductivity of Ag 2 ZnSnSe 4 is low and decreases with increasing silver content. This work reveals unique structure-property relationships in materials that continue to be of interest for thermoelectric and photovoltaic applications. Published by AIP Publishing. [http://dx
I. INTRODUCTION
Multicomponent chalcogenide materials continue to be of interest for a diverse range of applications, including photocatalysis, photovoltaics, and thermoelectricity. [1] [2] [3] [4] [5] [6] [7] [8] They are typically synthesized at relatively low temperatures by established processing techniques and contain earth-abundant constituents. [1] [2] [3] [4] The I 2 -II-IV-VI 4 (I ¼ Cu, Ag, II ¼ Zn, Cd; IV ¼ Si, Ge, Sn, VI ¼ S, Se, Te) compositions can be derived from binary zinc-blend or wurtzite structures by cation sublattice substitution. [9] [10] [11] [12] These quaternary chalcogenides can be tuned via doping to optimize their desired properties, such as the energy band gap, making them suitable for light absorption applications. 3 The Ag 2 ZnSnS 4 composition is particularly attractive as it has a direct band gap at the C point and the band edge energy positions are similar to those of the water redox potentials. It also has a relatively high activity as compared to other materials of similar functionality due to its large energy gap. 1 Recent reports have also shown that Cu 2 ZnSnSe 4 and Cu 2 CdSnSe 4 have good thermoelectric performance after doping; 5, 13, 14 results that are intriguing since traditional thermoelectric materials are typically narrow-band semiconductors. The relatively high thermoelectric properties are attributed to the low thermal conductivity associated with their crystal structures. 5, 15 Further reduction in the thermal conductivity has been explored by doping, nanostructuring, vacancies, or defects that induce additional phonon scattering. 2, 7, [13] [14] [15] Theoretical and experimental studies have shown that I 2 -II-IV-VI 4 chalcogenides can form in a variety of structure types, including kesterite (KS), stannite (ST), wurtzitekesterite, and wurtzite-stannite, among others. [16] [17] [18] [19] [20] In many cases, these materials are structurally similar, and a fundamental understanding of the underlying structure-property relations continue to be of interest. Since the difference between the crystal structures, such as kesterite and stannite phases for example, are small in terms of specific bond lengths and formation energies, resolving the crystal structure of a particular quaternary chalcogenide has proven to be difficult with standard methods. 21 It is therefore beneficial for electronic structure simulations to accompany experimental investigations in order to understand better the structure and related properties of these chalcogenides. In addition, first principles methods based on Density Functional Theory (DFT) using standard approximations has been found to be inaccurate due to the insufficient level of electron correlation effects that are taken into account, thus appropriate modifications to DFT are needed in order to achieve good agreement with experimental data. 22 The focus of this paper is the structural and transport properties of Ag 2 ZnSnSe 4 studied by a combined theoretical and experimental approach. Since promising thermoelectric properties have been reported in similar compositions, the discussion and investigation here may lead to a better understanding of the transport in these materials therefore contributing to further improvements in the thermoelectric properties. [16] [17] [18] [19] [20] In addition, we compare our results with those of Cu 2 ZnSnSe 4 which is similar in composition and crystal structure. We show that despite their structural similarity, Ag 2 ZnSnSe 4 exhibits transport properties consistent with polaronic-type behavior, unlike that of Cu 2 ZnSnSe 4 which is consistent with that of a band semiconductor. This is highly unusual as such polaron transport characteristics are typically associated with organic materials. 23 ,24 Invoking Holstein's theory for small polarons 25 we present a transport model that relies on the co-existence of itinerant and localized polarons. Electronic structure calculations are also performed to investigate the structural and electronic characteristics in Ag 2 ZnSnSe 4 and Cu 2 ZnSnSe 4 for a better comparative understanding of their properties.
II. SAMPLE
All specimens were prepared by the reaction of high purity elements. Ag powder (99.999%, Alfa Aesar), Zn shot Published by AIP Publishing. 122, 105109-1 (99.9999%, Alfa Aesar), Sn powder (99.999%, Alfa Aesar), and Se powder (99.999%, Alfa Aesar), used for synthesizing the materials in this study, were loaded into silica ampoules in the corresponding atomic ratios of the different specimens. The ampoules were sealed in quartz tubes under vacuum (0.1 Pa), heated to 973 K, and subsequently held at this temperature for 5 days before they were air quenched to room temperature. The products were then ground into powders, cold pressed into pellets, and annealed at 573 K for three weeks. The resulting pellets were ground into fine powders ($325 mesh) and loaded into graphite dies for hot pressing. Densification was accomplished by hot pressing at 573 K and 160 MPa for 3 h under N 2 flow. High density polycrystalline specimens (>96% theoretical density) were obtained after hot pressing, as indicated by measurement of the dimensions and weight of each pressed pellet. The products were characterized by powder X-ray diffraction (XRD, Bruker AXS D8) for room temperature as well as the temperature-dependent measurements. Absorption spectra were obtained using a UV-vis spectrometer (Jasco, V-670 Spectrophotometer). 26, 27 Temperature dependent four-probe resistivity, q, and steadystate thermal conductivity, j, measurements from 12 K to 300 K were performed on all specimens. The measurements were conducted in a custom designed radiation-shielded vacuum probe with uncertainties of 4% and 8% for q and j measurements, respectively, on 2 Â 2 Â 5 mm 3 parallelepipeds cut by a wire saw. 28, 29 The electronic structure calculations were performed using DFT as implemented in the Vienna Ab-initio Simulation Package (VASP) package 30 which relies on a projector-augmented wave method with a plane-wave basis set and periodic boundary conditions. The exchangecorrelation energy was calculated using the Heyd-Scuseria-Ernzerhof (HSE) screened Coulomb hybrid density functional. This type of functional correctly reproduces the experimental bond distances and energy gaps in materials with strong p-d hybridization effects. 31 Ionic relaxation was performed with 359 eV and 383 eV cutoff energies for Ag 2 ZnSnSe 4 and Cu 2 ZnSnSe 4 , respectively. The force and total energy difference relaxation criteria were 10 À2 eV Å À1 and 10 À4 eV, respectively, and the conventional unit cell of (Ag,Cu) 2 ZnSnSe 4 was reduced to the primitive cell containing 8 atoms per cell in order to perform efficient electronic structure calculations. The cell was allowed to change its shape and volume during the structural relaxation with a 11 Â 11 Â 11 k-point mesh. The blocked Davidson iteration scheme with the tetrahedron method was used for the selfconsistent calculations on 9 Â 9 Â 9 k-grid. The VESTA package was used to obtain the electron localization function (ELF), while the interatomic distance representation was performed with the JMol software package. 32 
III. RESULTS AND DISCUSSION
As shown in Fig. 1 , all three specimens are crystallized in a pure phase after thermal annealing treatment. much larger mass than does Zn. This effect is minimized near room temperature, as seen in Fig. 2(a) by the overlapping data points, as Umklapp scattering becomes the dominant phonon scattering mechanism in the thermal transport. The room temperature j values (5.3-5.6 W/m K) are about twice that for bulk Cu 2 ZnSnSe 4 (2.7 W/m K) and nanostructured Cu 2 ZnSnSe 4 (0.9 W/m K).
5,33
The results for the resistivity [ Fig. 2(b) ] are highly atypical for quaternary chalcogenides of similar composition. For each material, there is an anomalous peak below room temperature which decreases in magnitude with increased Ag content. This well-localized peak-like behavior in the resistivity is very different when compared to experimental resistivity values for other quaternary chalcogenides. 16 4 , are reported to have a broad maximum in their conductivities at higher temperatures that is attributed to the materials becoming degenerate semiconductors.
14 Chalcopyrites, such as CuInSe 2 , may exhibit similar transport behavior, however, the reported minimum in the conductivity vs. temperature measurements is much broader and appears at higher temperatures. 37 This temperature dependence can be attributed to the contribution of both p-type and n-type carriers to the conduction process in these materials. Room temperature q values are 13, 12, and 0.4 X cm for Ag 2 ZnSnSe 4 , Ag 2.1 Zn 0.9 SnSe 4 , and Ag 2.3 Zn 0.7 SnSe 4 , respectively. Furthermore, in the case of Ag 2þx Zn 1-x SnSe 4 the q peak is not associated with a phase transition, as confirmed by temperature dependent XRD results that showed no phase change before and after the peak temperature (see supplementary material). This type of anomaly in the resistivity has been associated with polaronic type conduction. 38 The formation of polarons is based on trapping of carriers due to strong carrier-phonon coupling. At low temperature these can form a conductive band with a heavy mass, according to Holstein's model. 39 As temperature increases, this band becomes disrupted as the overlap between the neighboring phonon clouds decreases. At high temperatures, inelastic emission and absorption of phonons dominate and polarons become localized. While the low temperature regime corresponds to an itinerant polaron band, the high temperature regime is characterized by semiconducting behavior due to polaron hopping via thermally activated inelastic processes. The competition between these two regimes results in a peak in q vs. temperature. 38, 41 This type of transport can be described by a model taking into account the coexistence of the localized and itinerant polarons expressed as
where q it ðTÞ is the resistivity for the itinerant mechanism and q hop ðTÞ is the one for the thermally activated hopping. These are given according to
where A h ; B it ; q 0 ; E a ; and D are constants to be determined from experimental data and T 0 is the temperature where the resistive peak appears.
The fitting results of all specimens are shown in Table I 4 , respectively. The sharpness of the resistive peak is quantitatively described using the transition width, D. At low temperatures, polarons "jump" elastically from site to site by way of quantum-mechanical transitions. The much smaller D for Ag 2.3 Zn 0.7 SnSe 4 compared with that of Ag 2.1 Zn 0.9 SnSe 4 and Ag 2 ZnSnSe 4 suggests a slower transition process which directly reflects the efficiency of phonon emission at the polaron activation temperature. The relatively large A h ; B it values, constants determined by the data, suggest a strong polaron effect in all specimens. Due to the high q values of the specimens, the Seebeck coefficient (S) data are relatively noisy at low temperatures. Nevertheless S for Ag 2.3 Zn 0.7 SnSe 4 , the specimen with the lowest q and therefore the best S signal-to-noise from our raw data, is shown in the inset of Fig. 2(b) . The S peak is at the same temperature as the resistive peak, while the high temperature S becomes less temperature dependent than that of q, which is an indication of polaron transport. 38 The S values are large and negative at low temperatures, then decreases to zero with decreasing temperature. At higher temperatures, the polarons are released from the trapping sites resulting in a constant value for S.
To better understand the influence structure has on the transport properties of these materials, we perform first principles calculations to determine the characteristic properties of the underlined physical and electronic structure for both 42 and are corroborated by our calculations below. We again note that standard experimental XRD methods are not able to resolve the two structures, 21 we therefore rely on our calculations for this particular composition. We further note that DFT calculations using the local density approximation (LDA) or the generalized gradient approximation (GGA) do not correctly capture the electronic structure. DFT-LDA or GGA is not suitable in situations where the energy band gap results from d-state and p-state hybridization, which is the case for these quaternary chalcogenides. Furthermore, DFT within LDA or GGA does not describe adequately the interatomic separations, or bond lengths, which also leads to significantly underestimated energy gaps. 43, 44 The hybrid functional HSE06 in VASP solves these problems as the calculated energy gaps are in the same range as that obtained by the experiment, as described in what follows. We perform these simulations for the kesterite (KS) and stannite (ST) phases for both Ag 2 ZnSnSe 4 and Cu 2 ZnSnSe 4 . Our goal is to understand the microscopic description of the structural and electronic properties of these systems which show markedly different transport; polaronic-like behavior for Ag 2 ZnSnSe 4 and typical semiconducting resistivity for Cu 2 ZnSnSe 4 . 35 We note that due to the large computational cost involved in the simulations with the HSE06 functional, calculations for the doped specimens were not feasible at this time.
The conventional cells for both phases of Ag 2 ZnSnSe 4 and Cu 2 ZnSnSe 4 materials are shown in Fig. 3 with the interatomic distances obtained from our calculations also denoted. The primitive unit cell of the KS phase is characterized by the I4 symmetry with Wyckoff positions described as 2a (0, 0, 0) and 2c (0, 0.5, 0.25) for the Ag(Cu) atoms and 2b (0.5,0.5,0), 2d (0.5,0,0.25) and 8g (0.756, 0.756, 0.872) for the Zn, Sn, and Se atoms, respectively. For the ST phase, the symmetry is I42m with Wyckoff position 4d (0, 0.5, 0.25) for the Ag(Cu) and 2a (0,0,0), 2b (0,0,0.5) and 8i (0.238, 0.238, 0.129) for the Zn, Sn, and Se atoms, respectively. The structural unit cell characteristics for both phases can be described by two Cu(Ag) 2 Se 4 and SnZnSe 4 tetrahedral slabs with conducting and semiconducting properties, respectively. The lattice constants obtained from the calculations and XRD are summarized in Table II . Our calculations show that the KS structure is more stable by 0.02 eV as compared to ST Ag 2 ZnSnSe 4 , while KS Cu 2 ZnSnSe 4 is more stable by 0.01 eV as compared to its ST counterpart. It is further noted that the a, b, and c lattice parameters obtained from XRD of our synthesized specimens are in better agreement with the lattice parameters corresponding to the KS structure for both materials, thus we conclude that this is the preferred phase for both compositions.
There is a significant change between a ¼ b for the KS and ST Ag 2 ZnSnSe 4 with a largely varying c/a ratio; however, the lattice parameters change to a much lesser degree when comparing KS and ST Cu 2 ZnSnSe 4 with the c/a ratio being almost constant. The remarkable increase along a ¼ b for the KS Ag 2 ZnSnSe 4 as compared to that for the ST phase can be explained by considering the ionic radii of the various atoms. Specifically, we compare the Zn-Se [ Fig. 3(a) ] and Ag-Se [ Fig. 3(b) ] atomic distances for the ST and KS phases, which directly relate the a ¼ b lattice parameters. The smaller ionic radius of Zn ($0:60Å) together with the ionic radius of Se ($1:98Å) results is a Zn-Se bond length of 2:44Å, while the larger ionic radius of Ag ($1:02Å) yields a bigger Ag-Se bond length of 2:65Å. Consequently, the ab plane for the KS phase [ Fig. 3(b) ] becomes expanded as compared to the ab plane of the ST phase [ Fig. 3(a) ].
The overall comparison of Ag 2 ZnSnSe 4 and Cu 2 ZnSn Se 4 in both phases shows that the role of Ag is to "expand," although nonuniformly, the structure along all directions (also reflected in the larger lattice constants, as discussed earlier). The a ¼ b value for ST Ag 2 ZnSnSe 4 increases by $2:5% as compared to a ¼ b for ST Cu 2 ZnSnSe 4 , while the relative increase in c is $7:9%. As a result of this anisotropic stretching, the Se-Se distance between two adjacent layers (along c-direction) is found to be 4.23Å in Ag 2 ZnSnSe 4 , while the corresponding Se-Se distance is 3:80Å for Cu 2 ZnSnSe 4 [Figs. 2(a) and 2(c)]. A similar overall expansion of the Ag 2 ZnSnSe 4 unit cell with respect to the Cu 2 ZnSnSe 4 unit cell is also found for the KS structure. In this case, however, the expansion along a ¼ b is 5.5% but only 1.6% along the c direction, as shown in Table II 3, 17, 43, 45 Taking into account the hybrid functional HSE06, which describes properly the hybridization between p-d states, is necessary to obtain the underlying electronic structure of these systems. The total DOS for both ST materials [ Fig. 5(a) ] has a similar appearance around the Fermi level E F with a localized peak at the edge of the valence region and another broader peak at the lowest conduction region. The total DOS for the KS Ag 2 ZnSnSe 4 shows a similar characteristic behavior, but the highest valence and the lowest conduction bands are shifted towards lower energies by $0:36 eV and $0:14 eV, respectively. Figures 3(b)-3(d) show that the Se p-states and metallic atoms d-states (Ag and Cu) contribute significantly right below E F ; however, the Se contribution is much more prominent in Ag 2 ZnSnSe 4 for both phases. The conduction peak in the 1-2.5 eV region is due to hybridization between the Se p-states and Sn s-states.
The distinct resistivity measured for Ag 2 ZnSnSe 4 as compared to other structurally similar quaternary chalcogenides is therefore believed to be strongly related to the local changes in the crystal lattice induced by Ag. To obtain a better understanding of these Ag-induced modifications, we also show the Electron Localization Function (ELF) plots along various directions for both materials in Fig. 6 . Specifically, Figs. 6(a), 6(b), 6(e), and 6(f) display similar atomic coordination planes for the ST and KS phases with little, if any, electron sharing for Se-Se bonding. This can be attributed to the fact that all such distances are approximately twice the ionic radius of Se ($3.85-3.95Å). Fig. 6(c) ], the respective bonds in Cu 2 ZnSnSe 4 can be characterized as semi-ionic due to some electron sharing, as shown in Fig. 6(h) . This can be further explained by relating the atom-atom distance with the respective ionic radii. The Sn-Se distance in the ST Ag 2 ZnSnSe 4 is $2.44Å, less than the sum of the Sn and Se ionic radii, while for KS Cu 2 ZnSnSe 4 this distance is greater than the sum of the ionic radii ($2.63Å), thus allowing for some characteristic electron sharing for covalent bonding. The Zn-Se bonds for the different phases is also indicated in Fig. 6(c) ; they are semiionic with a distance of $2.56Å for ST Ag 2 ZnSnSe 4 but purely ionic in KS Cu 2 ZnSnSe 4 with $2.50Å, a distance that is less than the sum ($2.58Å) of the Zn and Se ionic radii. The Ag-Se bonding is less localized since some distorted electronic distribution still remains on the Ag atom, while the iconicity is more pronounced for the Cu-Se bonds. This can be explained by the larger Ag which is further apart from the Se atom than would be the Cu atom.
IV. CONCLUSION
We synthesized and investigated the transport properties of three Ag 2þx Zn 1-x SnSe 4 compositions. The twocomponent model was employed and indicates strong electron-phonon coupling in these materials, as corroborated by our theoretical calculations. The crystal and electronic structures of Ag 2 ZnSnSe 4 and Cu 2 ZnSnSe 4 were calculated and compared in order to understand how the lattice structure and electronic properties evolve for these materials. These calculations were done for both the kesterite and stannite crystal structures. Our results suggest that by replacing Cu with Ag, the bonding results in anisotropic stretching which may encourage stronger interactions between electrons and phonons in Ag 2 ZnSnSe 4 . Further computational efforts will be needed to provide even more details on the formation of polarons which will involve simulations of lattice distortions coupled with other modifications. Further computational efforts, involving lattice distortions coupled with electron carrier modifications and lattice vibrations, are needed (in progress) to provide more details on the formation of polarons and their role in the transport (better choice instead of the last sentence). Furthermore, our first principles calculations revealed the important structural and electronic properties in these quaternary chalcogenides for the first time.
SUPPLEMENTARY MATERIAL
See supplementary material for temperature-dependent powder XRD of Ag 2 ZnSnSe 4 .
